Real ear measurements (REMs) provide clinicians with a valid and reliable way of verifying hearing-aid gain and output in situ. They are the only means by which the actual hearing aid and coupling system ' s gain or output in the ear of the individual hearing-aid user can be determined. Clinical applications of REMs are many and may include verifi cation that prescriptive targets are met, documentation of the fi tting, visual assistance in the fi ne-tuning process, counseling of the hearing-aid user and signifi cant others, verifi cation of signal processing algorithms, and as a baseline measure from which to work should the clinician need to troubleshoot hearing-aid user complaints related to sound processing features or general lack of benefi t. One of the most compelling reasons to verify hearing-aid gain or output in situ is that benefi t has been shown to be greater if the measured gain or output in the ear canal is well matched to the target (Baumfi eld & Dillon, 2001 ). In addition, REMs are part of best practice procedures for hearing-aid fi ttings today (British Society of Audiology and British Academy of Audiology guidelines, 2007; ISO 12124, 2001; Cox, 2005; Valente et al, 2006) .
and 6000 Hz the variability increased, half of the REIG at 6000 Hz showed differences of more than 5 dB and 25% were greater than 10 dB. The author reported differences in the procedure, e.g. insertion depth of the probe tube, to be the reason for the low reliability in the high frequencies. Valente et al (1990) determined inter-examiner variability of REIG in in-the-canal (ITC) and in-the-ear (ITE) hearing aids. Two examiners jointly conducted measurements on either right or left ear of 28 participants, using the Frye 6500 unit and a careful procedure under anechoic conditions. The inter-examiner variability was insignifi cant and not reported. Hawkins et al (1991) investigated inter-examiner variability of real-ear-unaided-response (REUR), real-ear-aided-response (REAR), and REIG with a BTE hearing aid coupled to the ear with a Comply earmold. Measurements were conducted twice by each of the two examiners on 24 participants using the Rastronics CCI-10 and a careful clinical procedure under anechoic conditions. Inter-examiner variation was not reported specifi cally (combined with test-retest variation), but the reliability was reported to be high.
Test-retest reliability is also of importance, and is anticipated to be the largest source of variance when using instant fi t coupling systems. Tecca (1990) refers to three different types of test-retest reliability: the immediate-, the short-term-and the long-term test-retest reliability. Immediate test-retest variability refers to differences found between measures completed consecutively within the same session and without removal of the earmold or hearing aid. Short-term testretest variability refers to differences between measures conducted sequentially within the same session, but where the hearing aid or earmold and probe tube is removed and reinserted for subsequent measurements. Long-term test-retest variability refers to differences found between measures completed during two different sessions.
Multiple studies have been conducted on test-retest reliability of REIG. As can be seen in Table 1 , studies have been conducted using different hearing-aid styles, different measurement equipment, and different measurement environments. The majority of studies have investigated the short-term test-retest reliability, but Tecca et al (1987) have also investigated the long-term test-retest reliability of REIG.
The short-term test-retest reliability of REIG conducted with ITC, ITE, and BTE hearing aids with conventional coupling systems has been shown to be high, but to decrease with frequency. The lowest test-retest reliability is reported by Hawkins (1987) and Humes et al (1988) . Hawkins (1987) reports differences in the procedure, such as insertion depth of the probe tube, to be the reason for the low reliability. Valente et al (1990) mention a greater loudspeaker-totest participant distance, the possible lack of precautions to control tube movement between the unaided and aided measurements, and experience level of the examiner conducting the measurements as potential reasons for the low reliability in the study conducted by Humes et al (1988) . A mean test-retest reliability of 2.0 dB standard deviation seems to be the short-term test-retest reliability reported in most studies independent of hearing-aid style, measurement equipment, and environment as long as a careful clinical procedure is followed. A mean long-term test-retest reliability of 3.3 dB standard deviation has been reported by Tecca et al (1987) . Tecca (1990) suggested the following clinical application of REM test-retest reliability. For immediate REM test-retest reliability, measurement differences up to 2 dB can be considered measurement variability and only differences in excess of 2 dB should be considered ' real ' differences in the amplifi cation. A clinical example of immediate test-retest measurements can be a clinician wanting to verify changes in hearing-aid settings without removing the device from the ear. For short-term test-retest variability, measurement differences in excess of 3 -5 dB are suggested to be considered signifi cant in clinical settings. A clinical example of short-term test-retest measurements can be verifi cation that less low frequency gain or output has been achieved by modifying the vent in the hearing aid or earmold. For long-term variability, measurement differences in excess of 6 to 7 dB are considered clinically signifi cant for clinicians. A clinician might want to do a long-term measurement comparison when the hearing-aid user complains of lack of benefi t after having used the hearing aids for a longer period.
The purpose of this study was to obtain REM reliability data for instant fi t hearing-aid coupling systems, and to compare these with measurement reliability using hearing aids fi t with standard size 13 tubing and custom earmolds and following recommended clinical procedures. Specifi cally, three measures of reliability were examined: (1) reliability with the different coupling systems, (2) long-term testretest reliability, and (3) inter-examiner reliability.
Method

Subjects
This study was carried out with a group of ten normal-hearing individuals (20 ears). Five individuals were male and fi ve were female. The inclusion criteria for the participants was normal outer-and middle-ear conditions with a tympanic pressure within Ϯ 50 daPa, a tympanic compliance between 0.3 and 1.6 mmho, and a tympanic volume between 0.6 and 2.0 ml. Tympanometry was done using a GN Otometrics Otofl ex 100. Participants were not compensated for their participation.
Hearing aids and coupling systems
Three pairs of a commercially available receiver-in-the-aid (RITA) hearing aid (ReSound Live 71D devices), and two pairs of a receiverin-the-ear (RITE) hearing aid (ReSound Live 70D RIE devices) were used for the REMs. All fi ve pairs of hearing aids were fi tted to amplify the IEC ' s standard moderate audiogram # 3 (Bisgaard et al, 2010) .
The hearing aids were fi tted using the Aventa 2.9.15.1 fi tting software. Amplifi cation was prescribed according to the manufacturer ' s proprietary fi tting rule, Audiogram ϩ , with the " experienced non-linear " profi le selected. The Audiogram ϩ fi tting rule prescribes insertion gain for narrowband signals at input levels of 50 and 80 dB SPL, so in this study the maximum real ear output has not exceeded 92 dB SPL at the eardrum level and can for this reason be considered acceptable for the normal-hearing participants. The hearing aids were fi tted with an omnidirectional program with all features but the digital feedback suppression deactivated. The digital feedback suppression feature was calibrated and thereby activated in order to be able to do the measurements without feedback squeal. Digital feedback suppression is a pure feedback cancelling feature and no gain reduction was applied in any of the fi ttings. The hearing-aid pairs were fi tted with different coupling systems. The different coupling systems were a pair of RITA instruments and thin tubes combined with open domes (hereafter named RITA instruments with open domes), a pair of RITA instruments and thin tubes combined with tulip domes (RITA instruments with tulip domes), a pair of RITE instruments combined with open domes (RITE instruments with open domes), a pair of RITE instruments combined with double domes (RITE instruments with double domes), and a pair of RITA instruments and standard size 13 tubes combined with closed custom earmolds (RITA instruments with custom earmolds). Note that the terminology used to describe the different types of domes in this paper is consistent with that used by the manufacturer of the test hearing aids. The terms used to describe such domes differ among manufacturers. The thin tubes, receivers-in-the-ears, and domes were all of the appropriate sizes for the individual participants ' ears.
Procedures
REMs were performed for all fi ve hearing aid and coupling systems two times by two examiners. The two examiners were experienced in making REMs and knowledgeable concerning factors affecting reliability. The measurement order of the fi ve different coupling methods as well as the order of the examiners doing the measurements was randomized. There was a median of one day (1st and 3rd quartile of one and six days) between the test-retest measurements.
Test room conditions, equipment, and participant orientation in the test room, probe tube calibration, and probe tube placement were consistent with the British Society of Audiology and British Academy of Audiology guidelines (2007) . REMs were obtained in a quiet fi tting room complying with the ISO 12124 (2001) standard and using an Aurical Plus from GN Otometrics that had been calibrated within the last 12 months prior to the measurements. The Aurical Plus complies with the IEC 61669 (2001) standard.
The loudspeaker was positioned with no large refl ecting surfaces near the participant. The loudspeaker and the reference microphone when positioned on the participant were both one meter away from the nearest refl ective surface.
Probe tube calibration was performed with beveled end probe tubes and by placing the probe tube so that it was close to the reference microphone aperture, without blocking either of the microphones. Probe tube calibration was done with the headset placed on the ears of the participant, who was seated 0.5 meters in front of the loudspeaker with the microphone and probe tube facing the loudspeaker at an angle of 0 ° azimuth. A probe tube calibration using a 65 dB SPL warble tone sweep stimulus was obtained every time a new probe tube was used, and was as a minimum done for each participant.
For REMs, the participants were seated in a chair at a distance of 0.5 meters facing (0 degrees azimuth) the loudspeaker and at a level with the center of the loudspeaker itself. The participants were told to visually fi xate on a location on the loudspeaker during all measurements, but their head was not held stationary. The participants were asked to sit quietly during the measurements.
Correct insertion depth with the probe tube extending at least 5 mm beyond the tip of the domes and earmolds and being 6 mm or less from the tympanic membrane was ensured in order to measure at the level of the tympanic membrane and to avoid standing waves affecting the measured SPL in the ear canal. Correct insertion depth was ensured by a dual approach. Initially, a visual positioning, using a marker length of 28 mm from the end of the probe tube for females and 30 mm from the end of the tube for males was used, and it was measured that the length of the probe tube from the marker to the tip of the probe tube ensured that the tip of the probe tube extended 5 mm past the sound outlet of the domes and earmolds. The marker was placed at the tragus once the probe tube was inserted. Secondly, an acoustic positioning check at 6000 Hz was done for the REUR, checking that the unaided gain was not below Ϫ 5 dB. If the unaided gain at 6000 Hz was below Ϫ 5 dB, the probe tube length was adjusted and/or the probe tube was repositioned and the measurement repeated until an acceptable measurement was obtained.
The measurement method used was the modifi ed pressure method with stored equalization, as the hearing aids were fi tted with a digital feedback suppression feature and as most of the coupling systems were open (Larsby & Arlinger, 1988; Hawkins & Mueller, 1992; Lantz et al, 2007) . A concern with the modifi ed pressure method with stored equalization is that movement of the participant ' s head can lead to changes in the sound fi eld and thus to errors in REIG (Shaw, 2010) . Aazh et al (2012) have shown that the modifi ed pressure method with stored equalization can be used if the participants can keep their head still during the measurements.
The REUR was measured using a 65 dB SPL warble tone sweep stimulus. Although use of this signal is not representative of current clinical practice, this choice may have reduced variability due to small differences in the signal level or spectrum between measurements or sessions. For broadband signals, the measurement equipment adjusts the overall presentation level based on the level at the reference microphone but does not ensure that the desired signal spectrum is obtained. When a narrowband signal is used, the level of each frequency presented is controlled. Then the coupling system and hearing aid was carefully inserted into the ear. The realear-occluded-response was measured with the hearing aid turned off and with a warble tone sweep stimulus and it was checked that the gain/output was not reduced much in the low frequencies, if this was the case then the hearing aid was repositioned and the probe tube was checked for wax/moisture. The hearing aid was turned on and the REAR was measured. The measurements were conducted at 129 frequencies from 200 Hz to 8000 Hz. REIG was calculated by the measurement equipment, and this data was used for analysis. Data were electronically exported from the Aurical Plus software to a spreadsheet for analysis.
Results
The long-term REM test-retest and inter-examiner reliability of the different instant fi t coupling systems was compared with the measurement reliability using RITA hearing aids fi t with custom earmolds.
A multivariate analysis of variance (MANOVA) was used to assess the effect of factors and interactions on several response variables (129 frequencies). Three fi xed factors were investigated: type of coupling systems (X1), examiner (X2) and number of measurements performed by the same examiner (X4). Participants are a random effect (X3). Two-way interactions between the fi xed effects were included in the MANOVA. The mean response across right and left ear was analysed in the MANOVA. Multivariate normality was verifi ed with the help of a Q-Q plot of the standardized residuals against The " * " denotes interaction between factors. their expected values under normality . The assumption holds. There were ten participants (20 ears) in each " Coupling system * Examiner * Participants * Number of measurement performed by the same examiner " combination. The " * " denotes interaction between factors. The results are summarized in Table 2 . Whenever signifi cant and meaningful effects were found, a Bonferroni correction was used to locate differences. The approximate F statistics show signifi cant differences on two of the four independent factors. The measured REIG values differ signifi cantly with different coupling systems (F ϭ 3.16, p Ͻ 0.0001). The measured REIG values obtained by different examiners differ signifi cantly (F ϭ 1.85, p ϭ 0.0084). The measured REIG values do not differ signifi cantly between the different measurements done by the same examiner (F ϭ 0.89, p ϭ 0.6924).
The interaction between the coupling system and examiner (X1 * X2) is not signifi cant (F ϭ 0.86, p ϭ 0.9030), indicating that the differences between the coupling systems are not due to differences between the measurements done by the two examiners . The interaction between coupling system and number of measurement done by the same examiner (X1 * X4) is not signifi cant (F ϭ 0.75, p ϭ 0.9936), indicating that the differences between the coupling systems are not due to differences between the different measurements done by the same examiner. The interaction between examiner and number of measurement (X1 * X4) is signifi cant (F ϭ 1.82, p ϭ 0.0097), but the magnitude of the detected differences is negligible, therefore even though signifi cant differences were detected, they have no clinical interest.
To limit the risk of false positive results, a Bonferroni correction was applied. Only signifi cant coupling system differences at the corrected Bonferroni signifi cance level were found.
The mean absolute long-term test-retest differences across frequencies with standard deviations for test-retest differences are shown for all four instant fi t coupling systems compared to the mean absolute long-term test-retest differences with standard deviations for test-retest differences for the custom earmolds across frequencies in Table 3 . The measurements for the two examiners have been combined. The table illustrates intra-frequency differences for the different coupling systems.
The mean absolute inter-examiner differences across frequencies with standard deviations for inter-examiner differences are shown for all four instant fi t coupling systems and for the custom earmolds across frequencies in Table 4 . The fi rst and second measurements for the two examiners have been combined as no signifi cant testretest differences were found with any of the coupling systems. The table illustrates intra-frequency differences for the different coupling systems.
The mean REIG across frequencies for all four instant fi t coupling systems compared to the mean REIG for the custom earmolds is shown in Table 5 . The mean has been calculated based on all four measurements.
Discussion
It was hypothesized that greater variability in how instant fi t coupling systems can be placed in the ear canal relative to BTE fi t with standard tubing and custom earmolds would result in lower reliability of REMs. This was mostly not supported by the current study. Except for small differences in one condition which are judged to have neglible clinical relevance, reliability was found to be equivalent across measurement conditions, between tests, and between the two examiners. In addition, reliability was as high or higher than that reported in the literature.
The long-term test-retest reliability is high for the four different instant fi t coupling systems as well as for the custom earmold coupling systems, as long as a careful clinical procedure is followed. This means that the measurement variability between measures completed with the same hearing aid, hearing-aid settings and in the same ear but during two different sessions is small. This result supports that long-term test-retest reliability is high provided adherence to careful clinical procedures for probe tube placement and stability of probe tube placement between measurements (Dirks & Kincaid, 1987; Hawkins & Mueller, 1986 ). This result is in agreement with previous studies on both short-term and long-term test-retest reliability, which have documented high test-retest reliability with different types of hearing aids when a careful clinical procedure was followed (Ringdahl & Leijon, 1984; Hawkins, 1987; Tecca et al, 1987; Killion & Revit, 1987; Valente et al, 1990; Hawkins et al, 1991) . The data from the present study shows that high long-term testretest reliability also applies to REMs conducted on RITA and RITE instruments with different instant fi t coupling systems.
The standard deviations for long-term test-retest differences are all at or below Ϯ 2.9 dB in this study and thereby smaller than the long-term standard deviations in the study by Tecca et al (1987) . As clinically signifi cant differences are often considered to be 2 SD, this means that measurement differences in excess of Ϯ 6 dB can be considered clinically signifi cant.
The test-retest reliability in this study was determined by one test measurement and one retest measurement (two REIG measurements) as in the studies by Tecca et al (1987) , Humes et al (1988) , Purdy et al (1989) , Valente et al (1990) , and Hawkins et al (1991) . More retest measurements may have been desirable as in the studies by Hawkins (1987) and Killion and Revit (1987) , wherein four retest measurements (fi ve REIG measurements) were conducted. However, the test-retest reliability reported in the different studies is very close regardless of the number of retest measurements, with the exception of Humes et al (1988) and Hawkins (1987) , where lower test-retest reliability likely was due to procedural factors. The high test-retest reliability found in this study is for this reason considered to be valid. REM reliability across frequencies was not the objective of this study, but in agreement with fi ndings from previous studies (Larson et al, 1977; Wetzell & Harford, 1983; Ringdahl & Leijon, 1984) data from the present study (Table 3) shows greater variability for REMs at higher frequencies. Basic physical principles determine that at higher frequencies a larger accuracy in positioning the probe tube inside the ear canal is needed in order to measure the correct gain. Adherence to a careful clinical procedure is likely to continue to become even more important as hearing aids with broader frequency ranges are developed and REMs will be conducted up to higher frequencies than the 8000 Hz in this study and the 4000 and 6000 Hz in previous studies.
The data in Table 3 show a tendency for larger variability in the low frequencies with the RITA instruments with custom earmolds as compared to any of the instant fi t coupling conditions. The difference between the RITA instruments with custom earmolds and the RITE instruments with double domes is smaller than with the other instant fi t coupling systems. This tendency is likely to be due to greater variation in the way that the custom-made earmolds fi t in each ear, and the amount of slit-leakage that may have occurred for each individual. The open domes and tulip domes provide virtually the same venting conditions in all normal adult ear canals. Therefore the response is not predominated by the electroacoustic gain but rather by the direct sound entering the ear canal. For the double dome coupling system, the degree of occlusion in individual ear canals can be expected to be more variable than the open and tulip domes. This would explain why the variability in this condition is greater than with the custom earmolds, but less than with the less occluding instant fi t coupling systems.
High inter-examiner reliability of REMs is desirable, as it means that REMs can be conducted by different audiologists without it affecting the measurement result. The REM inter-examiner variability is on the order of 1.5 dB, which can be considered a high reliability for three of the four instant fi t coupling systems: the RITA instruments with tulip domes, the RITE instruments with open domes, the RITE instruments with double domes as well as with the RITA instruments with custom earmolds. Slightly lower reliability with variability on the order of 2 dB at 5000 and 6000 Hz was found with the RITA instruments with open domes. This difference is statistically signifi cant, and also higher than for custom earmolds, but is well within guidelines for clinical signifi cance. The inter-examiner reliability results should be interpreted with caution due to the fact that there were only two examiners. Other studies with only two examiners also reported high inter-examiner reliability (Valente et al, 1990; Hawkins et al, 1991) , while a greater number of examiners were associated with higher inter-examiner variability that may have been due to procedural factors (Hawkins et al, 1987) . The inter-examiner reliability with instant fi t coupling systems therefore merits further investigation.
The REIG obtained with the different coupling systems was signifi cantly different, which is expected as the coupling systems affect the output of the systems differently e.g. thin tube versus thick tube, and dome versus earmold.
As when performing REMs with hearing aids having custom-fi t earpieces, the same care should be taken in probe tube placement in terms of insertion depth and maintaining the probe tube placement between the REUR and REAR measurements in order to ensure that measurement differences are resulting from modifi cations made to the hearing-aid fi tting rather than a different insertion depth of the instant fi t coupling system during different measurements, or a failure in keeping the probe tube placement constant during REUR and REAR measurements.
Conclusions
The REM long-term test-retest reliability is high for the four instant fi t coupling systems as well as for the custom earmolds. The REM inter-examiner variability is on the order of 1.5 dB, which can be considered a high reliability for three of the four instant fi t coupling systems: the RITA instruments with tulip domes, the RITE instruments with open domes, the RITE instruments with double domes, as well as with the RITA instruments with custom earmolds. Slightly lower reliability with variability on the order of 2 dB is found at 5000 and 6000 Hz with the RITA instruments with open domes. This difference is statistically signifi cant, and also higher than for custom earmolds, but is well within guidelines for clinical signifi cance. In conclusion, carrying out REMs with instant fi t coupling systems appears to be fundamentally no different than performing REMs with conventional hearing aids. For either, care should be taken in probe tube placement in terms of insertion depth and maintaining the probe tube placement, and other best practices regarding test environment and test setup should be observed.
